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SUMMARY 

The objective of this contract is to develop a method of analysis and 
characterization of the electrodes used in  nickel-cadmium sealed cells. It 
is based primarily on a comparison of detailed polarization measurements 
of single electrodes before and after periodic operation in selected modes 
of cyclic testing of cells at three temperature levels Oo, 2 5 O ,  and 4OoC. A 
correlation of this data should provide a basis for specifying improved cells 
for space applications as wel l  as comparing cells from various manufacturers. 

During this quarter the bulk of the effort consisted of characterization 
of electrodes, fabrication of test cells, and putting these cells into the various 
cycling tes ts .  At the end of the quarter approximately 55% of the electrodes 
required had been characterized and fabricated into test cells. The shallow 
depth of discharge and constant voltage, current limited cyclic tests are 
partially (1570) underway. 
should be completely underway by the middle of the next quarter. 

At the present rate of progress all cyclic tests 

An apparatus for determining the  gassing characteristics of positive 
electrodes was constructed and preliminary data collected at several  charging 
rates. 

The blistering of the positive electrodes observed at the 1C rate occurs 
The plates in  the program appear during the overcharge portion of the cycle. 

to be more susceptible to the phenomena than another lot of plates obtained 
from the Battery Products Section. Some of the latter wi l l  be inserted into 
the test program to provide a comparison between the two lots. 
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1.0  INTRODUCTION 

This report covers the  work done during the third quarter of an 18 
month program to develop a method for the analysis and characterization of 
the electrodes used in nickel-cadmium spacecraft batteries. 

The goal of the program is to develop a correlation between detailed 
characterization data obtained on single electrodes and the behavior of these 
electrodes in  cells in  various modes of cyclic operation. Such a correlation 
wil l  provide a basis for specifying improved cells for space application and 
comparing cells from various manufacturers. 

A breakdown of the program into tasks is given in Table 1 The test 
program is divided into two parts: one, the initial characterization testing 
of plates (Task IV); and the other, the cycling of cells made from characterized 
plates in selected modes of operation (Tasks V - VII). 
w i l l  be removed from tests and the individual electrodes wi l l  be recharacterized 
and examined for changes in physical properties and comparisons made to  
the  original characterization data. 

Periodically test cells 

The initial characterization wil l  be made by analysis of data taken in 

The characteri- 
single electrode experiments based on the use of continuous recording of 
charge-discharge curves under various testing regimes. 
zation information wil l  include: 1) polarization of each electrode under various 
conditions, 2) complete charge and discharge curves showing electrode 
capacity, impurity levels, onset of gassing, graphitic and antipolar capacity, 
and reproducibility of cell operation, and 3 )  the onset of changes in capacity 
under various operating conditions. 

All plates in the program wi l l  be SAFT type VO, prepared as for space 
cells. 
analysis on cycled cells wil l  be made, using visual, mechanical, chemical 
and electrochemical procedures. 

Tests wil l  be made at three temperatures: Oo, 25O, and 4OoC. Failure 

During this quarter work continued on the characterization of electrodes, 
the  fabrication of test cells, and the insertion of these cells into the  various 
cyclic tests. 
and fabricated into test cells. Test  cells are cycling in  two of the three types 
of cyclic tests to be performed and t h e  balance is expected to  be underway by 
the middle of the next quarter. 

Fifty-five percent of the  electrodes required have been characterized 

The blistering of the positive electrode at the 1C rate occurs during 
the overcharge portion of the charge cycle. 
the program appears more susceptible to blistering than another lot obtained 
from the Battery Products Section. Some plates from the latter w i l l  be 
inserted into the test program to  provide a comparison between the  two. 

The lot of plates being used in 



TABLE I 
PROGRAM TASKS 

NAS5 - 3477 

TASK MEASUREMENTS 
I Control and Recording Equipment None. 

Design and fabrication of 
test  equipment . 

I1 Test Cell Assemblies 
Design and fabrication of 
test  cells. 

I11 Electrode Preparation 
Electrochemical cleaning of 
reference and cell electrodes, 
inspection and welding of 
identification tabs. 

IV Characterization Tests  - CA C-A 
and CB 

C-A Constant current 
charging at C/lO, C /5  and C 

C-B Constant current 
discharging at C/ lO,  ' C / 5  
and C C-B 

V Shallow Discharge Cycling c-c 
Tes ts  C-C 

Constant current cycling to 25- 3570 
range to determine memory effects 

VI Random Discharge Tests  R-A R-A 

Random discharges averaging 
1070, 257'0, 5w0 and 757'0 depth of 
discharge over a 6-day period 
using Gaussian and rectangular 
distribution for  discharge periods. 

VI1 Constant Voltage, Current Limi- R-B 
ted Charging Cycling Tests  R-B 

Charge at C / 5  rate and discharge 
at c / 2  rate to  0. 9 volts. 

2 

None. 

Capacity check and weight. 

Determine charge curve. 

Determine rate of gassing 
from electrodes. 

Determine rate of 0 2  
r e  c ombina tion. 

Determine discharge curve. 

Make periodic capacity 
determination. 

Make analysis of physical 
propertie s. 

Recovery test. 

Periodic charge and discharge 
curve. 

Recharacterization tests. 

Periodic charge and discharge 
curve. 

Recharacterization tests.  
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2.0 DISCUSSION 

The work accomplished during this quarter included the continuation of 
the initial characterization of electrodes, the initiation of gas rate studies 
on nickel electrodes, the assembly of cyclic test cells and putting these cells 
on cyclic tests (Tasks V - VII) a s  outlined in Table I. In addition supporting 
studies were conducted to  determine the conditions under which blistering 
and pimpling of the nickel electrodes, reported in the  last quarterly report 
occurred. 
sections. 

The details of the work accomplished a r e  reported in  the following 

2 . 1  Test  Cell Assemblies - Task I1 

A test  cell assembly and apparatus w a s  constructed to measure the  
ra te  of evolution of gases from positive electrodes a s  a function of charging 
rate. These tests are part of t he  initial characterization tests of Task IV. 

A schematic diagram of the  experimental set up is shown in Figure 1 
and a photograph of the equipment is shown in Figure 2. 
is determined by measuring and recording the voltage drop across  the 
platinum w i r e  in the gas burette as the mercury column drops with gas accumu- 
lation. 

The volume of gas 

A constant current is passed through the w i r e  by means of power supply, 
as gas accumulates in the burette, the mercury column is automatically 
lowered by means of a solenoid valve which vents the high pressure air from 
the mercury reservoir. 
switch. 

The solenoid valve is actuated by a mercury capacitive 
The pressure differential required to operate the switch is 3 mm. Hg. 

The details of the gas evolution test cell assembly are shown in Figure 3.  
In operation to  measure the gassing of an uncharged positive electrode (D) 
a current is passed between the positive electrode (D) and uncharged cadmium 
counter electrodes (B) and (F). The capacity of the two counter electrodes 
is sufficient to  prevent hydrogen evolution wel l  beyond the point where the 
nickel electrode is fully charged. The additional screen electrodes in the 
test cell provide for the complete discharge of the counter electrodes and 
test electrode after each gas rate measurement. The equipment is limited 
to accumulating a gas volume of 100 cc. An improved apparatus is being 
constructed t o  permit longer runs. 

The cell design minimizes the recombination of oxygen at the counter 
electrodes and at charging rates of C /  10 o r  greater does not introduce 
significant e r r o r s  into the measurements. 

Preliminary gas measurements on nickel electrodes have been made 
and are reported in the next section. 
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TABLE II 

Parameters for Depth of Discharge Distribution Curves 

Average 
Depth 

Discharge 

X - 
- 1 0  

.25  

. 5 0  

.75 

Standard 
Deviations 

.I. rlr -I. -I- * -r 

n - m - (T 0 - P - q - 
.0250 .0253 126 14 2 52 28 

,0625 .0619 36 12 72 24 

.1250 .1213 8 8 16 16 

.1875 .1936 1 3 2 6 

::nominal value of (T 

:k:kactual value of a 
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2.2  CA-CB Test  - Task IV 

A total of 340 plates have been characterized (170 positives and 170 
negatives). 
ra te  at room temperature. 
charge for 720 minutes at 0.140 amp. and discharge for 600 minutes at 0.160 amps. 

The majority of these have been characterized at a nominal C /  10 
The cycle conditions for the C /  10 rate tes ts  were, 

The correlation of the variation i n  capacity over the seven characteri- 
zation cycles is in  progress. The data for 60 plates have been tabulated from 
the original potentialdime recorder traces. . 

2.2. 1 Oxygen Evolution - As part of the initial characterization data, 
the start of oxygen evolution and the rate of oxygen evolution as a function of 
charging rate wil l  be determined for a limited number of positive electrodes. 
The data w i l l  provide a reference point for comparison with similar measure- 
ments which w i l l  be made on plates periodically removed from the cyclic tests. 

These experiments were started during the later part of this quarter 
using the equipment and procedure outlined in section 2.1. 
obtained on a single nickel electrode which had not been electrochemically 
cleaned are shown in Figures 4, and 5. The first chart, Figure 4, shows the  
rate of gas evolution as a function of the state of charge of the electrode 
with charging rate as a parameter. The state of charge is expressed as the 
ratio of charge returned to the test cell, corrected for the amount of charge 
that has gone into gassing during the charging period, divided by the capacity 
of the electrode. 
at a C / 2  discharge rate to the knee point of the nickel electrode potential-time 
curve. 
nickel - cadmium c ell. 

Preliminary results 

The capacity in each case is the ampere-hour value delivered 

This corresponds approximately to a voltage cutoff of 0.9 volts for a 

The second chart, Figure 5, shows the fraction of the charge current 
being converted to oxygen as a function of the state of charge t e rm corrected 
for charge that went into oxygen evolution. 

The curve for the 200 ma charge rate shows a poorer charge acceptance 
than the other curves. 
on the electrode which w a s  in  the unformed condition. 

This attributed to the fact that this w a s  the first run 

During the next quarter measurements on additional electrodes wil l  be 
made to determine reproducibility of results from electrode to electrode. 
Measurements wil l  be made at three charging rates corresponding to C /  10, 
C / 5 ,  and C at room temperature. 
electrodes which developed blisters during characterization at the 1C ra te  
to determine i f  blistering has any detrimental affect on the gassing behavior 
of the electrode. 

A few measurements w i l l  also be made on 
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2 . 3  C-C Tests  - Task V 

The balance of the cells of these tests w e r e  fabricated and three out 
of the nine cells were started on the 2570 depth of discharge cyclic testing. 
The cycle conditions are discharge for 35 minutes at 1 .7  amperes and charge 
for 55 minutes at 1.3 amperes. 

The disassembly of cells and examination for memory effect is planned 
to  start during the next quarter. 

2 . 4  R-A Tests  - Task VI 

These tes ts  a r e  designed to determine the effect of cell operation in 
which the average depth of discharge for  all cycles over a period of a week 
is fixed at pre-determined levels of 10, 25, 50 and 7570. At each level, the 
depth of discharge for a given cycle is selected on a random basis. Two 
types of distribution for the depth of discharge of individual cycles over the 
period of a week are to be used: one based on a Beta distribution and the 
other a rectangular distribution. 

The generation of the distributions for these functions was  done by the 
statistical group in the laboratory. The Beta distribution is defined by 

whose shape is determined by the parameters p and q. The parameters can 
be uniquely specified from a knowledge of the desired mean and standard 
deviation (a measure of dispersion about the mean) as follows: 

0 2  = P9 
2 

(p+q+l) (p+q) 

where ;f is the  mean depth of discharge w e  wish to simulate and U 2  is the 
square of the standard deviation which measures the variability of the individual 
depth of discharge about the mean. 

The mean depth of discharges are assumed; hence only the standard 
It was reasoned that the spread about the deviations need be determined. 

mean would be directly proportional to the mean, i. e., the higher the depth 
of discharge, the higher the dispersion about the mean depth of discharge. 
It w a s  further assumed that t h i s  relationship, expressed in  t e rms  of the 
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coefficient of variation o/Y, would be a constant, c. The value of c = 1 / 4  
was  chosen. Table I1 shows the mean, variance, p and q of the four depth 
of discharges. Due to the method of generating the Beta variables, 2p and 
2q w e r e  required to be integers. 
desired values of o and is shown in Table 11. 

This caused a small  deviation from the 

Generation of the Beta Random Variables 

There  is no simple, direct method for generating random variables 
from a Beta distribution since the integral, 

cannot be evaluated by elementary methods. 
statistical theory that the variable 

However, it is known from 

2 n c w; 
z =  

i=l I 

where w. (i = 1, 2, . . . , m+n) are independent variables each generated from 
a norrnai distribution with mean zero and variance one, has a Beta distribution 

and q = - (See Appendix I for derivation). The with parameters p = - 
w. can be obtained from standard random normal deviate tables or ,  as in 
this case, generated on a digital computer. 

.m n 
2 .  2 

1 

The generated sets of z ' s  (200 for p =  . l o ,  100 for p =  .25, 50 for p= .50, 
and 25 for p = .75) can be used to simulate random depth of discharges based 
on the Beta distribution model. 

The random discharge distributions which wil l  be used in the tests are 
plotted in  Figures 6 and 7. 
which controls the sequence of charge and discharge of RA cyclic controller 
equipment. 

These distributions have been put on the tape 

The cycle conditions for these tests a r e  to charge at 100 ma (C/lO rate) 
to 12070 of previous discharge and discharge at 200 ma (C/5 rate). 

The start of these tests w a s  delayed by the burnout of six latching 
relay coils in  the control equipment. 
and it is expected that the equipment wi l l  be ready for use in  the third quarter. 

Replacement coils have been ordered 
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2 . 5  R-B Tests  - Task VI1 

Two out of six cells for this series of tes ts  were fabricated and put 
on cyclic test during the quarter. These tests are designed to determine 
the effect of cyclic operation under constant voltage, current limited charging 
conditions. Charge voltages are 1.50, 1.47, ana 1.42 v respectively at 
Oo, 25O and 40° centigrade with the current limited at 0.80A for 7 3 / 4  hours. 
This is followed by discharge at 2. OA to 0.9 volts followed by a rest period 
for a total of 10 3/4 hours per cycle. 

2 .6  Positive Electrode Blistering Problem 

As discussed in the second quarterly report nickel electrodes w e r e  
observed to  develop blisters and pimples when characterized at the 1C rate 
in the CA-CB tests. 
to determine during what portion of the  cycle the blistering occurred, under 
what conditions, and whether the particular lot of plates being used in  the 
program w a s  more susceptible than other lots. 

Supporting studies were carried out during this quarter 

In the first part of these studies additional plates from the same lot 
being used in  the program were characterized at the 1C rate and the results 
confirmed that the phenomena was  reproducible. Similar results w e r e  obtained 
on tests of another batch of plates from the  same original shipment from SAFT. 

Additional plates removed from commercial vented type cells which 
have the same s ize  and type plates being used in the program also showed 
blistering when characterized at the 1C rate. 

Pretreatments such as forming the plates at low charge and discharge 
rates (C/20 to  C /  10) prior to  testing at 1C ra tes  showed some reduction in 
the severity of the blistering both with respect to number and s ize  of blisters 
per plate. 

At this point a controlled experiment was  set up with new plates made 
in  Gainesville but of the same type construction, VO, and SAFT made plates 
being used in  the program. The new plates (KO-15) have a nominal capacity 
of 1.4 amp-hr. versus 1.0 amp-hr. for plates being used in the program. 
Test  cells consisting of two nickel electrodes immersed in 2570 and 3170 KOH 
w e r e  made. 
so that one plate in a cell w a s  being continuously charged and the other dis- 
charged. 
charging had occurred. 

The cells w e r e  connected i n  series and charged at various rates 

Plates w e r e  periodically examined after various amounts of excess 

The significant results from those tes ts  are summarized in Table 2. 

The results observed were that none of the electrodes on overdischarge 
showed evidence of pimples. Electrodes on overcharging showed pimples 

16 



and minor amounts of blisters compared to results from the 1C characteri- 
zation tests. The plates being used i n  the program seem to be more prone 
to blistering than the KO-15 plates based on all the tests made to  date. The 
other significant parameter is that the higher concentration of potassium 
hydroxide promotes the phenomena at lower percentages of overcharge. 

The conclusion is drawn that plates being used in  the program are more 
susceptible t o  pimpling than the KO-15 plates. 
1C rate in characterization tests s ta r t s  with pimples formed during the portion 
of the cycle overcharge and higher charge rates and are enlarged to blisters 
during hydrogen evolution in the discharge portion of the cycle. 

The severe blistering at the 

On the basis of these results it is planned to  insert  positive KO-15 
plates cut down to  the  same s ize  as  plates now in use into the testing program. 
Differences in  behavior of the electrodes in cyclic testing as well  as characteri- 
zation results can be determined. 
significance of blistering with respect to behavior in the cyclic tests. 

The results may also indicate the relative 

3.0 PROGRAM FOR NEXT QUARTER 

The characterization test CA-CB for the SAFT - VO type electrodes 
wil l  be completed and all cyclic tes ts  with these electrodes w i l l  be underway. 

The measurements on the evolution of oxygen from positive electrodes 
wi l l  continue, using good characterized SAFT -VO positives, KO- 15 positives 
and some blistered positives. 

Some of the shallow cycling test cells wil l  be removed from test, 
checked for capacity, examined and recharacterized. 

4 .0  NEW TECHNOLOGY REPORT 

There  were  no new developments during this quarter which come 
under the "New Technology" clause of this contract. 

17 



APPENDIX I 

Generation of Beta Variables 

The Beta distribution defined by 

is a limited range distribution whose shape is determined by its two parameters 
p and q and whose mean and variance a r e  given by 

Since integrals of the form 

cannot be directly evaluated it is not possible to  simply generate random 
variables from the Beta distribution. 
variates from this family of distributions. 

Neither do there  exist tables of randotn 

However it is possible, using normally distributed variables to generate 
Beta variables as follows. 

Let w. be a random variate from a normal distribution with mean zero 
1 

and variance one for i = 1, 2, . . . , m+n such that the w. ' s  are independent. 

Then v = w is distributed as a chi-square variable with parameter 

1 

2 
n i i=l  

W e  now obtain the distribution of 

V m 

n 
Y =  v 

where v and v are independent chi-square variables with parameters n and m. 
n m 

18 



m 

Changing variables we 

m let y = - 
n 

V 

V 

v = v  n n 

The Jacobian of the transformation, 

J = v  n 

f(y, v ) = 1 
n n+m 

2 2 

1 

1 I 
V 

n+m 

m - 
2 

Y 

1 1 - -  m n 
2 2 

- -  
V (Y Vn) n 

1 n - 
2 

V n 

+ m 
2 

1 
2 - - (y vn + Vn) 

e 

1 
e 

1 
2 
- vn(y+l) 

1 

n+m 

1 m 
2 
- -  

Y 
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Changing variables again 

n I z C wi T T  
I V i= 1 - n 1 - - - we let z = v + v  V n m  m 1 +  - 2 n n+m 

i=l i =n+ 1 x w 2 +  i 1 w i V n 

1 The Jacobian of the transformation is - 
2 

z 

f (2)  = 
1 n 

2 
- -  

z 

m n which is a Beta distribution with p = - and q = - 2 2 -  

Thus i f  w e  take m and n independent variables from a normal distribution 
with mean zero and variance one and form the statistic 

2 .f: w i  
i= 1 z =  

2 n n+m 

i=l c w 2 +  i i=n+l  w i 

m n the z 's  s o  generated wil l  follow a Beta distribution with p = - and q = - 2 2 -  
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